In the context of maintenance of biodiversity and ecological functions, microbial ecologists face the challenge of linking individual level variability in functional traits to larger scale ecosystem processes. Phytoplankton cell size and shape are key traits under selection by environmental filters and species interactions. Spatial differences in resource availability shape species diversity according to their use efficiency. Niche partitioning promotes plankton diversity. Here, we explore how size and shape enter the diversity game. How does taxonomic and morpho-functional community structure vary at different spatial scales? What are the potential drivers shaping the structure of phytoplankton communities? We explore these questions by looking at the individual level variability in taxonomic and morphological traits in a biogeographical snapshot of natural phytoplankton communities in coastal ecosystems around the globe. We found that taxonomic variability is mainly concentrated at local and regional levels, whereas shape and size variability are mainly concentrated at a local level, despite the environmental heterogeneity of ecosystems. Species diversity was more variable than trait diversity from local to global spatial scales. We suggest that structural organization of phytoplankton communities in coastal ecosystems may follow a hierarchical pattern of trait organization, where a different combination of multiple functional traits may represent effective strategies and promote success under given environmental conditions as a resolution of Hutchinson's paradox.
I N T R O D U C T I O N
A central goal in ecology is to understand and predict the effects of environmental change on biodiversity and the consequences of biodiversity changes for ecosystem functioning.
Searching for common patterns and decoding patterns into underlying mechanisms is how scientists contribute to sustainable ecosystem management and conservation priorities. In the context of maintenance of biodiversity and ecological functions, ecologists, including microbial ecologists, face the challenge of linking individual level variability in functional traits to larger scale ecosystem processes (Fontana et al., 2014) .
There is a growing consensus that species numbers alone do not inform us about all important aspects of ecosystem functioning and community responses to environmental change (Chapin et al., 2000; Díaz and Cabido, 2001; Díaz et al., 2007) . Instead of species richness, there is an attempt to focus on functional traits and diversity in trait values (Díaz and Cabido, 2001; Petchey and Gaston, 2002; Mason et al., 2005; Roscher et al., 2012) . Characterizing trait distributions, including morphological traits, can better reveal the mechanisms and forces that structure biological diversity (Grime, 2006; Mc Gill et al., 2006) .
Phytoplankton have been a classical model in ecology and evolution, including the development of trait-based approaches (Litchman et al., 2007; Litchman and Klausmeier, 2008) . Recent studies have shown that traits can explain species dynamics and abundance in natural ecosystems, both marine and freshwater (Edwards et al., 2013a, b) . There is a substantial knowledge about many relevant ecological traits that directly affect fitness (Edwards et al., 2015a (Edwards et al., , b, 2016 , including traits that are relatively easy to determine ("soft" traits). Many of these focal traits are key phytoplankton attributes affecting growth, metabolism, access to resources and susceptibility to grazing (Litchman and Klausmeier, 2008) . Particularly, phytoplankton cell or unit size is a determinant of major physiological activities such as growth (Litchman and Klausmeier, 2008) and together with cell and unit shape, they determine the surface-to-volume ratio that, in turn, influences nutrient uptake and sinking (Naselli-Flores and Barone, 2011; Stanca et al., 2012; Roselli and Basset, 2015) . Additionally, together with shape, size affects edibility by grazers (Reynolds, 2006) . These morphological traits appear to be under selection by environmental filters and species interactions, determining changes in population dynamics and phytoplankton community functioning (Pomati et al., 2013) .
The starting hypothesis is that diversity can be maintained by resource partitioning when different species are limited by different resources (Tilman, 1977) . However, more species can often coexist than the number of limiting resources (the paradox of the plankton, Hutchinson, 1961) . Various aspects of niche differentiation explain the paradox and promote phytoplankton diversity through the differential use of nutrients (Tilman, 1982; Grover, 1997) , including different capabilities for storing nutrients from pulses (Grover, 1991; Litchman et al., 2009) , partitioning of the light spectrum (Stomp et al., 2004) , predator-mediated coexistence (Grover, 1997) and the non-equilibrium dynamics generated by species interactions (Huisman and Weissing, 1999) .
Here, we address the question of how phytoplankton shape and size enter the game of diversity.
We investigate biodiversity organization of phytoplankton communities in terms of taxonomic and morphological traits by using data from a biogeographical snapshot survey of natural phytoplankton communities in coastal ecosystems around the globe. At the individual level, we consider species as a taxonomic trait and shape and size as morphological traits.
Our extensive field data provide a unique opportunity to investigate trait diversity of phytoplankton across multiple spatial scales along a wide range of physiographic, climatic and transitional water environments. Transitional waters (e.g. shallow coastal lagoons) are functional ecotones physically connected with coastal waters through tidal channels, characterized by shallow well-mixed column waters and typically richer in nutrients than marine environments (Gönenç and Wolfin, 2005; Kennish and Paerl, 2010) .
The questions in our study are: (i) How does taxonomic and morphological community structure vary from local to regional scales? (ii) What are the potential drivers shaping the structure of phytoplankton communities in coastal ecosystems? (iii) What is the role for shape and size in the game of diversity?
M E T H O D A N D D A T A Experimental design and study areas
The data consisted of the phytoplankton species abundance from 23 transitional water ecosystems located in five different biogeographic areas: North Atlantic Sea (Scotland), Mediterranean Sea (Greece and Turkey), Indo-Pacific Ocean (the Maldives), South-Western Atlantic Ocean (Australia) and Southern Atlantic Ocean (Brazil). In this study, we considered three to nine ecosystems per region, yielding a total of 116 local sites, which were sampled in three locations each. Then, four distinct spatial scales are thus represented in the data set: (i) intra-site or local level; (ii) intra-ecosystem level (comparison of sites within the ecosystem); (iii) interecosystem level (comparison of lagoons within the region); and (iv) global level.
Because our main purpose was to investigate spatial variability of taxonomy and morphological traits of phytoplankton assemblages in order to decode the underlying mechanisms, we developed a sampling design that takes into account the degree of heterogeneity (i) according to typology of ecosystems at a regional scale and (ii) sampling different spatially structured habitats within each ecosystem (e.g. along the confinement gradient or different typology of bottom sediments or macroalgae and covering plants) (see sampling scheme, Fig. 1 ).
The Maldives system is characterized by homogeneous conditions at a regional scale; it is considered a nested system with high connectivity between sampled ecosystems. At the ecosystem level, homogeneity across locations prevails. Australian systems are characterized by homogeneity both at the regional and local scale. Brazilian systems are characterized by homogeneous ecosystem typology (typically estuary) and high local patchiness within the ecosystem. The Mediterranean Sea region (Greece and Turkey) is characterized by different ecosystem typology (from brackish to freshwaters) and high local patchiness within the ecosystem. Scotland is characterized by different ecosystem typology but low local patchiness within each ecosystem.
Most of the sampled environments are pristine and, because of their geographic location, they have not been studied much before, at least in terms of phytoplankton community characterization. Detailed information about sampled environments, from physiographic and hydrological features and taxonomic list of phytoplankton can be found in Durante et al. (2013) , Roselli et al. (2013) , Souza et al. (2013) , Stanca et al. (2013a, b) , and http:// phytobioimaging.unisalento.it/, the website of the project.
Environmental variables and phytoplankton traits
The ecosystems are sampled characterized by environmental (temperature, salinity, TP, nitrogen and carbon) and physiographic variables (tidal range, mean depth and surface area) that are the presumptive drivers of community variation in lagoons. The degree of exchange with the coastal areas in terms of openness and confinement were also considered for each lagoon.
At each sampling station temperature and salinity were measured using a multi-probe meter (YSI 556). TP, TN and TC concentration were determined using a CHN analyzer (Dionex) in accordance with EPA methods (www.epa.org).
Phytoplankton were collected with a 6 μm mesh plankton net equipped with a flow meter for determining filtered volume. Water samples for phytoplankton quantitative analysis were preserved with Lugol (15 mL/L of sample). Phytoplankton were examined following Utermöhl's method (1958) . Phytoplankton were analyzed by inverted microscope (Nikon T300E) connected to a video-interactive image analysis system (L.U.C.I.A Version 4.8, Laboratory Imaging). Taxonomic identification, counting and morphological traits' quantification were performed on 400 phytoplankton cells for each sample. The sampling design includes three replicates for each of the 116 sites, overall for an amount of 142 800 cells that constitute the present data set. Phytoplankton were identified to species or genus level referring to different sources of taxonomic keys since the phytoplankton community in most cases has not been previously investigated (for complete reference list see Durante et al., 2013; Roselli et al., 2013; Souza et al., 2013; Stanca et al., 2013a, b) . We selected shape and size as morpho-functional traits affecting fitness that are also included into the list of important phytoplankton traits by Litchman and Klausmeier (2008) . Each cell shape is associated with a geometric model for which the volume is calculated by mathematical formulae following the literature (Hillebrand et al., 1999; Sun and Liu, 2003; Vadrucci et al., 2007 and http:// phytobioimaging.unisalento.it/AtlasofShapes). We classified the morphotypes of 51 different geometric models with their relative linear dimensions. Then, we measured all linear dimensions needed to calculate the species-specific volume (Hillebrand et al., 1999; Sun and Liu, 2003; Vadrucci et al., 2007;  http://phytobioimaging. unisalento.it/AtlasofShapes). After that, we classified the morphotypes into different logarithmically scaled size categories (size classes), ranging from 0-0.5 to 6.5-7. As a general rule, traits were calculated for counting units, most often this meant single cells and sometimes 100 μm threads, coenobia and colonies (e.g. in some filamentous cyanobacteria) where individual cells are not observable (Olenina et al., 2006) .
Shape association and biovolume calculation were performed at the individual level for 400 cells identified and counted in each single sample.
D A T A A N A L Y S I S
Diversity partitioning across spatial scales and the relationships between local diversity and habitat characteristics
We calculated the Shannon-Weaver diversity index using (i) species, (ii) shape and (iii) size class of the phytoplankton cells as categories. To avoid potential bias related to the fact that in the overall data set the number of species is intrinsically higher than the number of shapes or size classes, we selected a comparable number of species, shapes and size classes [i.e. we include only the 10% most frequent (number of individuals) species, so that 29 species, 14 shapes and 14 size classes were used]. However, we also analyzed the diversity patterns for the complete number of species (see next paragraph). By doing so, we observed that the corresponding diversity patterns are remarkably constant, regardless of the number of species used in the analysis (data not shown). For each geographic region, the diversity in terms of taxonomic and morphological traits was investigated at different spatial scales, from local to global: (i) intra-site diversity: average of the local diversity at the finest level of sampling resolution (i.e. station), mostly related to local environmental conditions and dispersal patterns; (ii) intra-ecosystem diversity: overall diversity within a single ecosystem (i.e. lagoon), including heterogeneity resulting from variation within a single habitat, differences between habitats along environmental gradients and changes in trait composition; (iii) inter-ecosystem diversity: diversity within each biogeographic region, representative of both large-scale biogeographic variation and heterogeneity between the ecosystems (i.e. lagoon) investigated for each region. Organized in this way, taxonomic and morphological diversity shows additive properties, where regional diversity is a result of the sum of diversity at three different spatial levels. The contribution of these three different levels of environmental resolution to the regional pool of diversity was expressed as a relative contribution (%) to allow comparison across different geographic regions. At replicate level, 95% CI around the estimated values were estimated by bootstrapping the data set 999 times (sampling with repetition).
Principal Component Analysis (PCA) was performed to visualize and investigate the relationships between the local abiotic drivers affecting community structure and phytoplankton diversity in terms of taxonomic and morphological traits. The dependent variables (taxa, shape and size diversity) and the explanatory (environmental) variables were log10-transformed. The environmental and physiographic variables tested in the PCA were selected on the basis of their expected importance for the phytoplankton community as niche axes along the three main dimensions: as a resources proxy [total nitrogen (TN), total phosphorus (TP), total carbon (TC)]; the mixing and water exchange proxy (surface area, depth, tidal range, openness and confinement); and the physical-chemical parameters (water temperature and salinity). Openness was calculated as the sum of each single width of sea-exchange channels and confinement as the length of sea-exchange channels.
Spatial similarity of taxonomic and morphological traits
In order to test the "everything is everywhere" null hypothesis (i.e. whether composition and structure of phytoplankton assemblages in terms of taxonomic and morphological traits are invariant at all spatial levels) a similarity analysis was performed, using the Bray-Curtis distance. Similarity has been assessed at the site level (i.e. site against site for the whole data set), then, averaged at higher spatial levels.
The analysis was performed using R version 3.0.3.
R E S U L T S
Cross-scaling biodiversity organization of the phytoplankton community
We used the Shannon-Weaver index to investigate biodiversity organization in terms of taxonomic and morphological traits from local to regional scale. Diversity was also expressed as the percentage of explained regional diversity at each spatial level (intra-site, intraecosystem and inter-ecosystems). The "total diversity" is the diversity index calculated at the region level (overall regional subset) that is necessarily higher than the diversity at local subsets due to cumulative properties of indices. Regional diversity is a result of the sum of diversity at three different spatial levels. Biodiversity organization of the phytoplankton community is not constant at the biogeographic scale (Fig. 2) . For the taxonomic level, the percentage of explained regional diversity is higher at a local level in homogeneous conditions and is mainly explained at the inter-ecosystem level in heterogeneous conditions ( Fig. 2A) . The shape and size diversity trends explain a higher percentage of morphological diversity at the local level, independently from the heterogeneity of environmental conditions of the ecosystems sampled ( Fig. 2B and C) .
Potential drivers
We used principal component analysis to describe the covariance structure among potential abiotic drivers influencing phytoplankton community organization in terms of taxonomic and morphological traits. The first PCA component (PC1) explains 34% of variance and the second component (PC2) explains 24%. The first component is defined by the correlations between surface area, openness, confinement, mean depth and TP, TN and TC and can, thus, be regarded as the physiographic and trophic gradient. The second component is defined by the tidal range, salinity and temperature and can be regarded as the seawater exchange and mixing proxy (Table I) . Phytoplankton diversity (in terms of taxa, shape and size) was positively correlated with the high openness and tidal range that are negatively correlated with confinement and mean depth of the water body (Table I ). More specifically, phytoplankton diversity also decreased with surface area and nutrients and increased with salinity and temperature (Table I) .
Spatial similarity of taxonomic and morphological traits
The regression analysis showed that taxa, shape and size similarity decreased with increasing geographic distance (Fig. 3) . While the intercepts were not significantly different for taxa, shape and size, the estimated slopes revealed that size similarity is more conserved across scales than the shape similarity, that in turn, is less variable than the taxa similarity ( Fig. 3 ; see also Table II) .
Nested cluster analysis of the assemblages' composition and trait associations
In order to show which species and traits tend to appear together, a nested cluster analysis of taxonomic and morphological traits was performed (Fig. 4) . The hierarchical cluster dendrogram represents binary distances evaluated on the base of their Euclidean distance, between size classes according to phytoplankton species composition. The first group represents the size class 3, the second group the size class 2 and the remaining size classes (0.5, 1, 1.5, 2.5, 3, 3.5, 4, 4.5, 5, 5.5, 6, 6.5 and 7) (Fig. 4A) . After this clustering, the association at the shape level within each of these three size groups was evaluated. Fig. 2 . Biodiversity organization of phytoplankton communities in terms of species (A), shape (B) and size (C) across spatial scales (intrasite; intra-ecosystem; inter-ecosystems). Regional diversity is a result of the sum of diversity at three different spatial levels. The contribution of these three different levels of environmental resolution to the regional pool of diversity is expressed as relative contribution (%) to allow comparison across different regions. Each barplot represents a region.
Cluster analysis reveals their division into two main groups (Fig. 4B) . The first one represents the cylindrical shape and the second one the remaining simple and complex shapes. Finally, we evaluated the associations at the species level within each of the six clusters obtained from size and then shape levels (Fig. 4C) . The nested cluster analyses showed how different phytoplankton organisms gather together according to the affinity among specific traits.
D I S C U S S I O N
How does taxonomic and morphological community structure vary at different spatial scales? What are the potential drivers shaping the structure of phytoplankton assemblages? We explored these questions by looking at individual level variability in taxonomic and morphological traits (shape and size) in a biogeographical snapshot of natural phytoplankton communities in transitional water ecosystems (e.g. lagoons) around the globe. Our results show that: (i) phytoplankton assemblages differ in species composition in different regions across different spatial scales; (ii) diversity of shapes and sizes is less variable than species diversity despite environmental habitat conditions; (iii) structural organization of phytoplankton assemblages in transitional water ecosystems follows a hierarchical pattern of organization of phytoplankton traits; (iv) geographic and environmental distances mainly influence taxonomic diversity rather than morpho-functional diversity; (v) trade-offs between size and shape determine contrasting ecological strategies allowing species to coexist.
Biodiversity organization of phytoplankton communities across spatial scales
Our results show that phytoplankton assemblages differ in taxonomic composition in different regions (Supplementary Material online Fig. S1 ) and across different spatial scales (Supplementary Material online Fig. S2A ), supporting the recent suggestion that microbes have biogeography (Martiny et al., 2006; Stomp et al., 2011 ). Phytoplankton's small size, high abundance, fast population growth and long-range dispersal are often thought to increase their chances to reach new habitats and establish new populations which could smooth out any diversity gradient, resulting in "cosmopolitan" distributions (Stomp et al., 2011) . Nevertheless, The Baas-Becking (or ubiquity) hypothesis (Baas-Becking, 1934; Finlay and Clarke, 1999; Finlay, 2002) postulates that for microorganisms "everything is everywhere" but "the environment selects." As a consequence, one might expect to find similar microbial communities in similar habitats and differentiated microbial communities along an environmental gradient . We found that taxonomic diversity differs between regions depending on habitat patchiness with higher number of taxa in Scotland and lower in Brazil. Habitat patchiness, especially in the transitional water ecosystems, is strongly influenced by connections to sea and freshwater. It was recently shown that spatial variation in phytoplankton diversity and species composition cannot be solely explained by local environmental conditions (Soininen et al., 2004; Telford et al., 2006) . However, it is difficult to test the importance of environmental versus other processes such as historical ones (e.g. dispersal limitation, migration) in controlling microbial diversity at the global scale (Martiny et al., 2006; Vyverman et al., 2007) . Priority effects and monopolization through niche preemption and subsequent adaptation may play a role in determining community composition (De Meester et al., 2016) but their relative importance is hard to assess in non-experimental, observational studies. Our results show that higher taxonomic diversity is found at a local level in regions where ecosystems are characterized by environmental homogeneity or internal connectivity and at an ecosystem level in regions where they are characterized by habitat heterogeneity (Fig. 2A) . The local variability could be due to convergent evolution or abiotic filtering of relevant traits, so that, similar environments should be dominated by species with similar trait values (Westoby and Wright, 2006; Enquist et al., 2015) . Phytoplankton assemblages differ in shape and size composition in different regions (Roselli et al., in prep.) . The similarity in shape and size across spatial scales is higher within regions (Supplementary Material online Fig. 2B and C). We also found that shape and size diversity in Fig. 4 . Nested cluster analysis of assemblages composition and associations between size classes evaluated on the base of their Euclidean distance (A); at the shape level within each cluster identified at size level (B) and at the species level within each of the six clusters obtained from the size and shape levels (C). Abbreviations. Shape (B): Co + ha sp (cone plus half sphere), Cyl (Cylinder), Cyl + 2 con (cylinder plus two cones), Cyl + 2 ha sp (cylinder plus two half spheres), Ellip (ellipsoid), Gomph (Gomphonemoid), Parall (Parallelepiped), Pri ell (prism on elliptic base), Pri par (prism on parallelogramm base), Pri tri (prism on triangular base), Prol sph (prolate spheroid), Prol sph + 2 cyl (Prolate spheroid plus two cylinders), Sph (sphere). Species (C) (As gl) Asterionellopsis glacialis, Ba pa (Bacillaria paxillifera), Ce cl (Ceratoneis closterium), cf. Pe Pe (cf. Peridiniopsis penardiformis), Ch de (Chaetoceros debilis cf. pseudocurvisetus), Ch co (C. compressus), Ch la (C. laevis), Ch ps (Chaetoceros pseudocurvisetus), Ch sp 1 (Chaetoceros sp. 1), Ch wi (C. wighamii), Chl un 1 (Chlorophyceae undet 1), Cya un 3 (Cyanophyceae undet. 3), Cy sp 1 (Cyclotella sp. 1), Cy sp 3 (Cyclotella sp. 3), Li fl (Licmophora flabellate), Me me (M. membranacea), Mo co (Monoraphidium contortum), Na tr (Navicula transitans), Ol sp 1 (Ollicola sp. 1), Pa su (P. sulcata), Phy un 12 (Phytoplankton undet. 12), Pl pr (P. prolonga), Pr ra (Prorocentrum rathymum), Pr sc (Prorocentrum scutellum), Sk co (S. costatum), Th ni (T. nitzschioides).
 each region is mainly explained at the local spatial scale, both under homogeneous and heterogeneous environmental conditions (Supplementary Material online Fig.  2B and C) . High morphological diversity at local level suggests that phytoplankton occupy all spatially and temporally discrete niches. Nevertheless, we found that shape and size diversity is less variable than species diversity despite environmental habitat conditions. This could be either because different species can be (i) functionally neutral or (ii) because there are other functional traits (not size or shape) or (iii) trade-offs between functional traits allow species to coexist. A clumpy distribution of morphologically similar organisms may support an emergent neutrality hypothesis where multiple competing species might coexist because they have nearly equal fitness, reflected in similar morphological traits (Scheffer and van Nes, 2006; Segura et al., 2013) . It is possible that phytoplankton communities could be structured by both niche and neutral processes (Chust et al., 2013) . Disentangling these processes in phytoplankton community assembly remains an exciting research challenge.
Potential drivers
Transitional waters are temporally variable and spatially heterogeneous, and this spatio-temporal heterogeneity is crucial for explaining how ecosystems can support rich and complex biological communities (Smith et al., 2005; Roselli et al., 2009) . Such heterogeneity, in part due to mixing conditions, determines the number and diversity typology of available habitats, both of which affect the number of species and may drive phytoplankton shape and size distribution (Roselli and Basset, 2015) . Our results show that phytoplankton diversity in transitional waters, both in terms of taxonomy and morphological traits, is higher where openness and tidal range are higher and the mean depth is shallower (Table I) . Tidal range appears to be the driving factor for habitat heterogeneity in these ecosystems and, together with openness and mean depth, they are proxies for mixing condition, which in turn, is a proxy for local patch connectivity (or degree of habitat heterogeneity). Marine species enter the system with the tide, which, in turn, affects water column mixing and turbidity, especially in shallow water bodies such as transitional waters. Tides affecting water column mixing may also cause fluctuations in light availability that may increase ecosystem diversity. Competition for light has been identified as a crucial factor in maintaining phytoplankton diversity under natural regime of light fluctuations (Litchman and Klausmeier, 2001; Flöder et al., 2002) . Nevertheless, in the ecosystems sampled with high-tidal regimes we found both low turbidity conditions in the Maldives and Australia versus high turbidity in Brazil. In the Maldives, phytoplankton assemblages are characterized by larger sizes and two contrasting shapes: elongated in one or two dimensions (mainly Pseudonitzschia spp., Meuniera membranacea) and spherical organisms (Dinophyceae thecate undetermined), suggesting different adaptive strategies. In Australia, small-and medium-sized organisms are characterized by flattened shape and frequently form colonies (Chaetoceros laevis, Chaetoceros wighamii, Chaetoceros compressus, Chaetoceros spp., Skeletonema costatum). In Brazil, where the ecosystems are characterized by a high-tidal regime and high turbidity, phytoplankton assemblages include small and medium, flattened and elongated organisms such as Cyclotella spp., Paralia sulcata and Thalassionema nitzschioides. In the Mediterranean Sea and Scotland, where the ecosystems sampled are subjected to a low-tide regime, or at least to high confinement conditions, phytoplankton assemblages are characterized mainly by small size and rounded shape (undetermined flagellates and Plagioselmis prolonga) (Roselli et al., in prep) .
Phytoplankton assemblages show different composition that possibly depends on the light and turbulence regime. We found that large diatoms with elongated shape may be favored by light limitation, so increasing surface-to-volume ratio may help light uptake. Their functional features (e.g. sinking and floating strategy) may also allow these organisms to be more competitive. On the other hand, motile forms, both small flagellates and large dinoflagellates, are able to move and exploit different light regimes, and they have a spherical shape.
Spatial similarity of taxonomy and morphological traits
Environmental conditions interact with geographical distance in determining patterns of community similarity, and the rates of decay in community similarity are influenced by the climatic characteristics of the region as well as the dispersal properties of the species (Blanchette et al., 2008) . Although environmental heterogeneity is the main driver of the decay of compositional similarity with distance in microorganisms (see Green and Bohannan, 2006; Martiny et al., 2006) , it is not the only source of spatial variation. Our results show that geographic and environmental distance mainly influence taxonomic diversity rather than morpho-functional diversity (Fig. 3) . Species redundancy (sensu Smayda and Reynolds, 2003) is higher than shape redundancy, which, in turn, is higher than size redundancy from local to regional spatial scale (Fig. 3) . Therefore, we suggest that structural organization of phytoplankton assemblages in transitional water ecosystems follows a hierarchical pattern in taxonomy and traits, where species diversity changes the most across sites and ecosystems, and the shape and size diversity are much less variable across different spatial scales.
As expected, more species coexist compared to the number of shapes, and even fewer sizes coexist because different species share similar shape and size. Nevertheless, we show (by the nested cluster analysis, Fig. 4 ) that this could be due to different dimensions of niche separation, besides size and shape, that allow more species than discrete sizes or shapes to coexist at the same time.
For example, phytoplankton that belong to size class 3 (Fig. 4) include several shapes divided in two main groups: cylinder shape group and the group that includes simple and complex shapes. Therefore, we suggest that organisms with similar size but different shapes are able to coexist because of the different relationships between size and shape defining contrasting ecological strategies. Meanwhile, within the same shape (e.g. cylinder) several taxa (e.g. Cyclotella sp., Cyanophyceae undetermined, P. sulcata) occur, which differ in their functional role (cyanobacteria versus diatoms) and/or in their adaptive strategy (single cell vs colony). Similar scenario was for size class 2 (Fig. 4) . The large group of n size classes (Fig. 4) , spanning from smaller to intermediate to larger size includes two shape groups as well. A more expected result was that taxa belonging to different sizes and shapes cover different functional roles and adaptive strategies.
Phytoplankton cell morphology and adaptive strategies are under different selection pressures due to aquatic environments differing in many physical and chemical characteristics (Naselli-Flores et al., 2007; Finkel et al., 2009; Litchman et al., 2009; Stanca et al., 2012; Weithoff et al., 2015) . The best evolutionary strategy for phytoplankton is supposed to minimize cell size and maximize surface-to-volume ratio (Raven, 1998; Jiang et al., 2005) in order to acquire nutrients more effectively and reduce sinking losses (Raven et al., 2005) . Large cells have acquired a wide range of adaptive strategies that compensate for the competitive disadvantages arising from their larger size. Larger cells have nutrient storage capacity in nutrient-rich and fluctuating environments, (Grover, 1991; Litchman et al., 2009) , motility and ability to control buoyancy in high physical mixing conditions (Naselli-Flores and Barone, 2003) , lower metabolic costs in fluctuating or high irradiance conditions (Reynolds, 2006; Key et al., 2010; Schwaderer et al., 2011) , alternative metabolic pathways (Capone and Carpenter, 1982) and strategies against grazing pressure (Thingstad, 1998) . However, the competitive advantage of small phytoplankton taxa over larger ones has been observed in a wide range of conditions including nutrient limitation (Raven, 1998) and enrichment (Margalef, 1958; Smayda and Reynolds, 2001) , light limitation and shading (Finkel et al., 2004) , decrease in mixing intensity (Falkowski and Oliver, 2007; Winder et al., 2009) and shallow mixed layer depth (Litchman et al., 2009; Roselli and Basset, 2015) .
A different combination of multiple morpho-functional traits may represent equally effective strategies and promote success under given conditions as a resolution of Hutchinson's paradox. Our results show that major axes of phytoplankton trait variation, taxonomy, size and shape, provide many possible combinations of the corresponding trait values that define ecological strategies with high fitness under given environmental conditions.
C O N C L U S I O N
We suggest that both the taxonomy and morphological traits of phytoplankton are under selection and different sets of species, sizes and shapes arise in different environments. We find that the selection pressures and the degree of variation in taxonomy and morphology differ along the spatial scale transitions. Sizes and shapes are more conserved across scales compared to taxonomic composition. Therefore, combining taxonomic and morpho-functional trait analyses should provide us with a more complete picture of phytoplankton community organization across scales and environments.
S U P P L E M E N T A R Y D A T A
Supplementary data are available at Journal of Plankton Research online.
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